MR-visible lipids or mobile lipids are defined as lipids that are observable using proton magnetic resonance spectroscopy in cells and in tissues. These MR-visible lipids are composed of triglycerides and cholesterol esters that accumulate in intracellular neutral lipid droplets, where their MR visibility is conferred as a result of the increased molecular motion available in this unique physical environment. This review will discuss factors that lead to the biogenesis of MRvisible lipids in cancer cells and in other cell types such as immune cells and fibroblasts. We focus on the accumulations of mobile lipids that are inducible in cultured cells by a number of stresses, including culture conditions and in response to activating stimuli or apoptotic cell death induced by anticancer drugs. This is compared with animal tumor models, where increases in mobile lipids are observed in response to chemo and radiotherapy, and to human tumors where mobile lipids are observed predominantly in high-grade brain tumors and in regions of necrosis. Conducive conditions for mobile lipid formation in the tumor microenvironment will be discussed including low pH, oxygen availability and the presence of inflammatory cells. It is concluded that MRvisible lipids appear in cancer cells and human tumors as a stress response. Mobile lipids stored as neutral lipid droplets may play a role in detoxification of the cell or act as an alternate energy source, especially in cancer cells, which often grow in ischemic/hypoxic environments. The role of MR-visible lipids in cancer diagnosis and assessment of treatment response both in animal models of cancer as well as human brain tumors will also be discussed. Although technical limitations exist in the accurate detection of intratumoral mobile lipids, early increases in mobile lipids after therapeutic interventions may be used as a potential biomarker for assessing treatment response in cancer.
Introduction
From the first irreparable mutation in carcinogenesis to the lodging and growth of the metastatic seed in foreign soil, the cancer cell faces hostile challenges affecting its survival, transport, and growth. The cancer cell must adapt to adjustments of the local tissue within the growing primary site, win the battle for essential nutrients and oxygen necessary to sustain growth, and survive the subsequent local acidosis, hypoxia, and starvation-induced autophagy of the tumor microenvironment. The successful metastatic cell employs increased mutagenic and metabolic adaptation to obtain the survival advantage over less well-adapted tumor and adjacent normal cells. It exploits the creation of new but imperfect vasculature to feed the growing lesion, and negotiates the local accumulation of stromal cells and immune cells that accompany tumor growth. The invasive cells that survive must then navigate through the increasingly harsh hydrolytic environment needed to loosen the tight bounds of the extracellular matrix, and invade through the basement membrane only to find the lymphatic system or vasculature full of high-velocity flow, shear forces and aggressive immune cells. Lodging in the vasculature brings only a brief respite, for the cell must then find its way into a new tissue type, phenotypically readapt to the new environment and begin the seeding process again. This review article focuses on the metabolic adaptation of the cancer cell to the tumor microenvironment that can be detected non-invasively using in vivo proton magnetic resonance spectroscopy (MRS). The metabolites that contribute to the MR spectrum of cells and tumors will be explained, and both in vitro and in vivo studies will be used to demonstrate how conditions in the tumor microenvironment can alter MR-visible lipid metabolite levels. Although we will concentrate on changes in mobile lipid metabolites and the formation of triglycerides that often occur in response to stressful environments, we will discuss other metabolic changes as they relate to this phenomenon. The detection of mobile lipids and interpretation of their appearance in tumor models and in humans will also be discussed.
Proton MR spectra of cells and tissues
The proton MR spectra of cells and tissues contain three types of resonances, those arising from mobile side chains on peptides and proteins, those arising from mobile lipids and those arising from small molecular weight highly mobile metabolites that accumulate in millimolar or greater concentrations inside the cell [1] (Table 1) . Thus the 1 H MR spectrum of cells or tissues can be thought of as a superposition of the mobile protein and mobile lipid components observed in the cell, with additional contributions from the often cellular-or metabolically-specific small molecular weight metabolites. These metabolites include, but are not limited to, choline-containing metabolites (tCho), creatine (Cr) and phosphocreatine (PCr), lactate, myo-inositol, N-acetylaspartate (NAA, in the nervous system) and taurine. Figure 1 shows 1 H MR spectra of human breast cancer cells before and after treatment with the antimitochondrial agent tetraphenylphosphonium chloride (TPP) [2] . The untreated cells ( Fig 1A) display a spectrum predominantly consisting of the small molecular weight metabolites and of the mobile proteome, which we define as resonances from mobile amino acid side chains that may be free or in peptide form. The treated cells on the other hand show an increase in resonances arising from mobile lipids (Fig 1B) . Potential regulatory factors governing this spectral transition will be discussed later in this article. At this juncture, the important point is the recognition that overlapping mobile amino acid and lipid resonances may make variable contributions to the observed 1 H MR spectrum.
In the majority of studies employing in vivo MR spectroscopy, resonances from the mobile proteome are not observed. This often results from the choice of a long echo time and a short repetition time that favor the observation of metabolites with longer T 2 , the small molecular weight metabolites, since the concentration of these metabolites are often altered during disease progression or response to therapy. However, a number of recent studies have demonstrated the feasibility of short echo time MRS for the detection of mobile proteins [3] [4] [5] . These developments allow more detailed investigation of the mobile proteome, and its role in homeostasis and pathology.
In tumors, the most recognizable of the highly mobile metabolites is tCho, which resonates at 3.2 ppm and is a composite peak with contributions from choline, phosphocholine (PC), and glycerophosphocholine (GPC). An increase in the tCho resonance in tumors arises primarily from the synthesis and accumulation of PC, a metabolite produced by rapid uptake and phosphorylation of choline that is necessary for the downstream synthesis of phosphatidylcholine, a major membrane phospholipid constituting around 25% of mammalian cellular lipids [6, 7] . The role of choline metabolites in the tumor microenvironment and in metastasis is reviewed elsewhere in this issue. As such, tCho and other small molecular weight metabolites will be discussed only when necessary to illustrate a specific point. This review focuses on the factors regulating the formation and maintenance of the mobile lipid phenotype, its role in the stress response with particular reference to the harsh conditions of the tumor microenvironment, and the advantages and potential pitfalls of observing these resonances in tumor cells, in animal tumor models and in human cancers.
Mobile or MR-Visible Lipids
MR-visible lipids, or as they are often called, mobile lipids, are lipids that are observable using high-resolution MRS or in vivo MR pulse sequences. The requirement for MRvisibility is that the lipid chains must possess sufficient rotational molecular freedom in order to motionally-narrow the MR lineshape. As such, MR-visible lipid resonances arise predominantly from triglycerides and cholesterol esters in neutral lipid droplets, and not from the lipids in membrane bilayers. The restricted molecular motion of bilayer lipid leads to dipolar broadening rendering them undetectable by standard MR techniques [8] . The role of MR-visible lipids in cancer and cancer diagnosis has been the subject of many excellent reviews and articles [9] [10] [11] [12] . The present review focuses on controlling factors involved in stress-induced mobile lipids and how those factors may operate in the tumor microenvironment to influence observed MR spectra. Throughout this review the terms MRvisible lipids and mobile lipids are used interchangeably.
The MR-visible lipid spectrum consists of a number of resonances that are assigned in Table  1 and in Figure 1 . The dominant resonances arise from protons on the fatty acyl chains, especially those arising from methylene (-CH 2 -CH 2 -CH 2 -) and methyl (CH 3 -CH 2 -) groups at 1.3 and 0.9 ppm respectively. Other resonances arise from protons directly bonded to (-CH=CH-, 5.3 ppm) or one carbon removed from unsaturated carbons (the bis allylic -CH=CH-CH 2 -CH=CH-at 2.8 ppm and the mono allylic -CH=CH-CH 2 -at 2.0 ppm) in mono and polyunsaturated lipids. An additional group of resonances arise from protons on carbons alpha (-CH 2 -CH 2 -COO -, 2.2 ppm) and beta (-CH 2 -CH 2 -COO -, 1.6 ppm) to the carboxyl head group of the fatty acids. Further resonances from the glycerol backbone at 4.1 and 4.3 ppm are generally in regions of high spectral overlap, and are too weak to be observed, except under conditions of high lipid or lipid overload [13, 14] or alternately they can be detected by 2D MR techniques [15, 16] . 2D COSY spectra were originally used to demonstrate that the cross peaks from mobile lipids arise almost exclusively from neutral lipids, triglycerides and cholesterol esters [14, 15] .
Origin of Mobile Lipids as Observed on 1 H MRS
Mobile lipids comprised of fatty acyl chains of triacylglycerides and cholesteryl esters have been detected by 1 H MRS in various cell types such as malignant transformed cells [17, 18] , viral transformed cells [19] , therapy induced transformed cells [16, 20] and activated immune cells (B and T cells, macrophages and neutrophils) [21] [22] [23] [24] [25] [26] . Lipid resonances have also been observed in vivo in human cancers and are considered as important biomarkers in the diagnosis and monitoring the effects of treatment response [27, 28] .
However, understanding the origin and subcellular location of these 1 H MR-visible mobile lipids has been a subject of debate with a focus on two alternative mechanisms. The first hypothesis proposes that mobile lipid signals originate from neutral lipids arranged in small isotropically tumbling microdomains (25-28 nm in diameter) embedded within the plasma membrane. This model is based on the similarity of MR spectra between whole cells and isolated plasma membranes, the selective broadening of mobile lipid resonances by paramagnetic ions that do not cross the plasma membrane [17] , the demonstration using selective T 1 relaxation experiments that the neutral lipids are not in diffusive exchange with bilayer lipids [29] and determination of elevated levels of neutral lipids in the plasma membrane that correlated with MR lipid visibility [30] . Subsequent studies showed that the differences observed in mobile lipid spectra were larger than could be accounted for changes by in lipid droplet number or diameter [31] [32] [33] .
The second hypothesis attributes the presence of mobile lipids to the accumulation of lipid droplets in the cytoplasm of intact cells [34, 35] or their extracellular presence in the necrotic core of tumors [36] [37] [38] [39] . Some investigators have considered a complementary role for both plasma membrane and intracellular compartments in contributing to MR-visible lipids [40] . Recent publications have proposed a unifying model that links changes in droplet size to alterations in the shuttling between plasma membrane phospholipids, endoplasmic reticulum and lipid droplets [41, 42] .
In many instances, MR-visible lipid spectra are inducible by external stressful stimuli. In these cases, correlations have been shown between the formation of MR-visible lipids and cytoplasmic lipid droplets. Callies et al. [35] demonstrated that MR-visible lipid resonances were correlated with the formation of cytoplasmic lipid droplets when myeloma cells were grown in the presence of high concentrations of oleic acid. High extraneous lipid concentrations leading to the formation of MR-visible lipids was later shown in mixed peripheral blood lymphocytes and neutrophils by King et al. [24] and Wright et al. [21] . A number of studies showed similar accumulations of lipid droplets in response to low pH [43, 44] or treatment with cytotoxic or cytostatic drugs [2, [45] [46] [47] [48] . Light and electron microscopy studies revealed these droplets to be micron-sized [2, [45] [46] [47] [48] , which was confirmed by measuring the restricted diffusion within the droplets using diffusion-weighted spectroscopy of the mobile methylene resonance [43] .
These droplet sizes are in keeping with those measured in in vivo MR studies [49-51]. Hakumäki et al. [50, 51] reported the presence of intracellular lipid droplets (0.2-2.0 μm) along with myeloid bodies in a malignant rat BT4C glioma undergoing herpes simplex virus thymidine kinase (HSV-tk)-mediated gene therapy. Studies on the C6 rat brain glioma model have shown that mobile lipids originate from triglyceride-containing lipid droplets (0.1-1.0 μm in diameter) in necrotic areas of the tumor [34] . Such accumulation of lipid droplets has also been observed by electron microscopy in necrotic areas of human brain tumor biopsies [52] and in animal tumors [53] .
These data demonstrate that neutral lipids in cytoplasmic lipid droplets accumulate in response to external stimuli and are a major contributor to the mobile lipid signal detected by MRS. This is particularly relevant to this review, as condition of stress, such as those found in the tumor microenvironment, give rise to cytoplasmic mobile lipid droplets observable using MR.
Biology and biochemistry of the lipid droplet
The classic view of the lipid droplet is that it is an inert single membrane bound ball of neutral lipids that functions primarily as a storage dept for fatty acids. However, recent research has revealed that the lipid droplet is a dynamic organelle [54] [55] [56] . The formation of lipid droplets in adipocytes and other cell types is exquisitely controlled. Intracellular triglyceride synthesis takes place at the endoplasmic reticulum [57] and involves the condensation of an activated fatty acid (fatty acid-S-CoA) with diacylglycerol via the enzyme diacylglycerolacyltransferase. A similar intracellular reaction exists with acylCoA:cholesterol acyltransferase catalyzing cholesterol ester formation from free cholesterol and a fatty acid. Lipid droplets are formed at the endoplasmic reticulum by budding, which creates an organelle with a neutral lipid core surrounded by a phospholipid monolayer. The PAT proteins, named after three of the main proteins in the family: perilipin, adipocyte differentiation related protein (ADRP) and tail interacting protein of 47 kDa (TIP47), are associated with the droplet surface and regulate trafficking of lipids into and out of the lipid droplet [58, 59] .
The stress-induced formation of neutral lipids is poorly understood and most information comes from hepatocytes where the accumulation of intracellular triglyceride lipid droplets in the formation of fatty liver [13] been called "the harbinger of cell death" [60] . In stressinduced lipid droplet formation, neutral lipid droplet results from an oversupply of fatty acids and the compensatory shunting of these potentially toxic metabolites into lipid storage droplets, or even as a storage depot for certain proteins [61] . Recall that this is an energy consuming process as the synthesis of triglycerides and cholesterol esters requires ATP to activate the fatty acids. The oversupply of fatty acids can result from increased uptake of fatty acids from the extracellular milieu but there may also be contributions from decreased β-oxidation of fatty acids by the mitochondria or hydrolysis of membrane lipids induced by phospholipases [62] (see Figure 2) . The relative contribution of each mechanism remains unknown and may vary between cell types, toxin and stress inducer.
Mobile Lipids and the Tumor Microenvironment
The tumor microenvironment consists of four components: cancer cells, non-cancer cells, secreted soluble factors and non-cellular solid materials including the extracellular matrix [63] . The relative contribution of each of these four components varies between tumor types, between patients with the same tumor, and even between regions of a single tumor. The tumor microenvironment will change over the course of tumor development and progression, and will alter in response to a therapeutic intervention. Many of the changes are controlled by physiological factors, for example the local degree of perfusion controlling the nutrient or oxygen levels within the tumor. This in turn leads to epigenetic adaptation, such as increases in HIF-1α levels in response to hypoxia, or secretion of vascular growth factors to stimulate new blood vessel growth. This local variability contributes to tumor heterogeneity, and the resulting genetic or epigenetic and physiological differences lead to relative differences in tumor growth, formation of hypoxic or necrotic regions within the tumor, and variation in drug resistance. With such a high-degree of variability, the ability to accurately and non-invasively monitor regional conditions or changes in the tumor microenvironment could provide information useful for tracking tumor progression or response to therapy if a suitable set of biomarkers could be determined and validated. Below we will explore the potential of using MRS to measure tumor environmental biomarkers, with emphasis on the mobile lipid profile. We will first consider the unique conditions generated within the tumor microenvironment and how these conditions may contribute to mobile lipid formation followed by discussion of the relevant cellular components within that environment.
Conducive conditions for mobile lipid formation within the tumor microenvironment
The tumor microenvironment is home to a number of harsh or undesirable conditions that are conducive for the formation of mobile lipids. Glucose and oxygen are depleted in poorly perfused regions of the tumor. This can occur when the tumor is large enough that the host's blood supply can no longer provide significant nutrients, even in the presence of increased angiogenesis. These conditions have profound effects on lipid metabolism that can be observed using MRS. Low extracellular pH results from products of the sugar and fat catabolism. In the absence of oxygen, the lactate anion is generated from glucose via pyruvate during glycolysis. Protons and NADH are generated in glycolysis by glyceraldehyde-3-phosphate dehydrogenase and during three oxidative steps in the Krebs cycle. Carbonic acid arises from hydration of the CO 2 produced from the decarboxylation of α-ketoglutarate in the Krebs cycle. Lactate and associated protons are exported to the extracellular space via monocarboxylate transporters such as the lactate-proton cotransporter. Protons can be exported through a variety of transport systems including the sodium-proton exchanger, vacuolar H + adenosine triphosphatases, and the sodiumbicarbonate exchanger [64] [65] [66] .
A variety of physiological, environmental and therapy-based conditions are known to influence the appearance of lipids in different cells, and these conditions are summarized in Table 2 . It has been observed with 1 H MRS that the mobile lipid content of cultured tumor cells changes significantly during cell growth [16, 67] . An early study using transformed murine fibroblast cells showed that cell culture conditions, confluence, serum deprivation, and acidic extracellular pH could all induce the appearance of mobile lipids [16] . The increases in mobile lipids were accompanied by increases in polyunsaturated fatty acids (PUFA) and increases in GPC at the expense of PC, and the involvement of catabolic phospholipases was proposed (as demonstrated in Figure 2 ). The MR-visible lipid increases were linear below physiological pH and were also shown to be transient in nature. Barba et al. [44] showed that mobile lipids were barely visible in the log phase of cell growth in C6 glioma cells, but were clearly visible at saturation density. In their study, Nile red staining lipid droplets were present in 85% of cells at saturation density but only in 6% of the log phase cells [44, 68] . These investigators further showed that the low pH induced accumulation of mobile lipids is reversible. No direct studies on the effects of hypoxia on mobile lipid generation have been performed on cultured cells to our knowledge, but it has been known for some time that lipid droplets accumulate in hypoxic and necrotic regions of tumors [53] . Necrosis, however, will result in cell lysis, releasing a number of proteins, lipids and other small molecules into the extracellular milieu. We will show in the next sections that cultured cells that are sensitive to a number of toxins often respond by producing mobile lipids in the form of lipid droplets.
MR-Visible Lipids in Cell Models

Cancer Cells
A large percentage of the volume of any solid tumor consists of tumor cells. The tumor microenvironment varies across the diameter of a solid tumor contributing to tumor heterogeneity, and is modulated by the local conditions in the tumor. The local environment is further modulated by soluble factors, secreted cytokines, low pH caused by high levels of lactate and other small organic acids, and even fatty acids and other molecules secreted or released from hypoxic or necrotic cellular regions. The 1 H MR spectrum of tumor cells and of other contributing cell types can vary in vitro depending on culture conditions that mimic elements of the tumor microenvironment. Most notably, the level of mobile lipids can vary in an inducible and reproducible manner in response to chemical and other stresses, and thus we review this literature here using the paradigm of cell stress to approximate the tumor microenvironment.
It has been known for some time that tumor cells exposed to cytotoxic drugs exhibit increases in mobile lipids. An early demonstration of this phenomenon was in breast cancer cells treated with cationic lipophilic mitochondrial targeting drugs such as TPP and derivatives ( Figure 1 ) [20, 69] . The mobile lipid accumulation was shown to be dependent on both exposure time and drug concentration and was accompanied by increases in GPC at the expense of PC. Electron and light microscopy revealed extensive mitochondrial damage and a time-dependent increase in cytoplasmic lipid droplets and endstage autophagic vacuoles indicating lysosomal involvement [2, 47] . The increase in mobile lipids linearly correlated with the volume fraction of the cytoplasm occupied by lipid droplets [47, 70] .
A number of studies have demonstrated an increase in mobile lipids that have been associated with the onset of drug-induced apoptosis. Increasing intensities of the CH 2 /CH 3 ratio (the ratio of intensities from the methylene to methyl resonances at 1.3 and 0.9 ppm respectively) have been shown in Jurkat T lymphoblasts treated with anti-FAS antibodies [48] , anthracycline antibiotics or glucocorticoid steroids [40, 71, 72] , and in human erythroleukemia K562 cells by exposure to paclitaxel [73] . In cervical carcinoma cells the distinction between apoptosis, induced by the topoisomerase II inhibitor etoposide, and necrosis, induced by ethacrynic acid or cytochalasin B, could be made on the distinction of increased mobile lipids that occurred as early as 6 h after treatment [74] . In HL60 leukemia cells increases in the CH 2 /CH 3 ratio after induction of apoptosis by ionizing radiation or by doxorubicin were accompanied by reductions in other MR-visible metabolites such as glutamine, glutamate, taurine, and glutathione [75] . On the other hand, heat-induced necrosis led to significant increases in all the aforementioned metabolites except glutathione with no observed increase in mobile lipids. The demonstration that MR-visible lipid could be induced in breast cancer cells by toxic concentrations of 5-fluorouracil, but not methotrexate, further indicated that this response is specific only to certain cytotoxic insults [70] . Moreover, at least one study has shown that the induction of mobile lipids is cell-cycle independent using a number of cell cycle blockers in normal and synchronized glioma cell populations [1] . More recently, BT-20 and MCF-7 cells treated with paclitaxel-loaded liposomes or micelles demonstrated increases in the fatty acyl resonance of the mobile lipids as the cells underwent apoptosis [76] .
In prostate cancer cells treatment with the differentiating agents phenylacetate or phenylbutyrate (PB) led to accumulation of mobile lipids and tCho in 1 H spectra and GPC in 31 P spectra [45, 46, 77] . The onset of these changes occurred less than 2 h after treatment and was correlated with the presence of cytoplasmic lipid droplets (see Figure 3) . The simultaneous increase in mobile lipids in the form of lipid droplets and GPC are indicative of the consecutive actions of phospholipase A2 (PLA2) and phospholipase A1 (PLA1) or lysophospholipase, each releasing a fatty acid that can be shunted into neutral lipids and forming GPC (Figure 2 ). Of note is that although both differentiating agents, phenylacetate and PB induce similar metabolic changes, the alterations are greater when the cells are treated with PB, which induces NTP loss and apoptosis, as opposed to phenylacetate, which induces only cytostasis.
Immune cells
Solid tumors contain a proportionately high number of infiltrating immune cells including neutrophils, macrophages and T and B lymphocytes. The roles of these immune cells in tumor development and progression remains to be fully determined and may include functions that are both beneficial and detrimental to tumor growth and survival. Importantly immune cells are often present in activated states and may provoke local inflammation. Moreover, many immune cells, including macrophages, are involved in the secretion of cytokines and other soluble factors that may modulate the tumor microenvironment and promote cell growth.
Of particular relevance to this article, the in vitro MR spectra of various immune cell populations have been characterized in quiescent and activated cells [17] . In isolated splenic or thymic T cells, mobile lipid accumulation is observed when these cells are activated by treatment with concanavalin A [78] , the phorbol ester phorbol myristate acetate in the presence or absence of the calcium ionophore ionomycin [22, 23] , or by engagement of the T cell receptor using anti-CD3 antibodies [79, 80] . In B cells, as well as in neutrophils, a similar induction of mobile lipids can occur after stimulation with lipopolysaccharide [78] . In B and T cells, but not in neutrophils, the lipid changes are accompanied by the onset of proliferation [22, 23, 78] . It has further been shown that mobile lipid accumulation is not directly dependent on cell cycle, as treatment of T or B cells with cell cycle blockers such as nifedipene and desferrioxamine that inhibit proliferation before the G 1 -S interface do not affect the onset or magnitude of the MR signal [26] . Treatment of mouse peritoneal macrophages with purified recombinant interferon-gamma (IFN-γ) leads to increased mobile lipid accumulation, as does systemic treatment of mice with Listeria monocytogenes followed by isolation of peritoneal macrophages [24, 25] . In human peripheral monocytes however IFN-γ does not cause mobile lipid accumulation [24] . Of particular interest is that terminally differentiated immune cells such as neutrophils and macrophages can be induced to accumulate mobile lipid not only by the use of stimulating agents, but also by exposure to high levels of serum or fatty acids (Figure 4) , a condition likely to occur in anoxic or necrotic regions of the tumor microenvironment [21, 24] . Finally it is of interest to note that such metabolic changes may be transferable between cell types, as the co-culture of monocytes with autologous but unstimulated T-cells will cause mobile lipid accrual in the lymphocyte population with concomitant increases in cytoplasmic lipid droplets [81] . The mechanism of this phenomenon remains unclear, but it may be mediated through soluble factors or by intercellular contact or communication.
Fibroblasts
Host fibroblasts exist in tumors and are largely found in the stroma where they are the predominant cell types. Fibroblasts are involved in tumor progression, where they produce the proteolytic enzymes (matrix metalloproteinases) involved in the degradation of the extracellular matrix during the process of invasion.
Although MR spectroscopic studies are relatively few, there are some reports with fibroblasts or with transformed fibroblast cell lines. These cells, like other cell types, display variable amounts of mobile lipids depending on culture conditions and treatment. Rutter et al. demonstrated increases in mobile lipid accompanying extended in vitro passaging and or senescence in human fibroblast cultures [82] . As already described, harsh culture conditions, nutrient deprivation, simulated through over crowding by growth at high cell density, enhanced by serum removal, or by culture at low pH, contribute to the formation of increased mobile lipid in a transformed murine L cell line [16] . Low pH induced increases in mobile lipids were demonstrated to be transient following exposure of cells in log phase growth to culture medium at pH 6.1, indicating that cells employ compensatory mechanisms to deal with pH induced stress. The increase in MR-visible lipids was also shown in NIH-3T3 fibroblasts during serum starvation [72] . Other investigators have shown unexpectedly high mobile lipid signals in NIH-3T3 fibroblasts compared to their rastransformed counterparts [83, 84] . Overall these studies indicate that accessory cells such as fibroblasts are capable of mobile lipid accumulation in vitro when exposed to a range of environmental or genetic stresses.
Factors Regulating Mobile Lipid Production
We have seen so far that mobile lipids can be inducible and can result from lipid overload or from treatment with cytostatic or cytotoxic drugs. Although mobile lipids can accompany the process of apoptotic, necrotic or autophagic cell death, mobile lipids are neither necessarily causative nor resultant of cell death, and therefore care must be taken when interpreting MR spectra. However, mobile lipids appear to be an early indicator of cell stress, preceding the committed decision of cell death.
A number of check points in the development of inducible mobile lipid signals have been identified in MR studies of isolated or perfused cells. First, triacsin C, a specific inhibitor of long-chain acyl-CoA synthetase was able to abolish MR-visible lipids and lipid body formation in a human lymphoblastoid cell line treated with anti-Fas monoclonal antibody, without affecting cell viability or inhibiting apoptosis [85] . In breast cancer cells, MRvisible lipids induced by cationic lipophilics could be prevented by pretreatment with chlorpromazine (see Figure 1) , a lysomotropic agent that accumulates in acidic lysosomal compartments, increasing lysosomal pH and preventing autophagic digestion [2] . It was later shown that MR-visible lipid induced by the mitochondrial permeability transition inhibitor cyclosporin A or by the antimetabolite 5-fluorouracil in breast cancer cells could also be inhibited by chlorpromazine [86, 87] , indicating a potentially common lysosomal mechanism involved in mobile lipid formation.
In the case of prostate tumor cells undergoing differentiation treatment with PB, the increases in tCho and GPC levels, but not mobile lipids could be enhanced by pre-treatment with the HMG-CoA reductase inhibitor lovastatin, even though the DNA fragmentation and the loss of NTP were reversed, signifying a metabolic branch point between lipid accumulation and the progression of apoptosis [45] . Furthermore both the spectroscopic (increases in MR-visible lipid, GPC and tCho, decreases in NTP) and biological (caspase activation, G 1 cell cycle arrest) effects of the differentiating agent PB could be prevented by pretreatment with the PPAR-γ antagonist GW9662 [77] . PPAR-γ is a ligand-activated transcription factor that has been shown to regulate the uptake and synthesis of triglycerides during adipocyte differentiation. Our recent data show that the spectroscopic effects of PB treatment can be attenuated using AACOCF3, an inhibitor of the high molecular weight phospholipases, iPLA2 and cPLA2 [88] . This is the first demonstration of increased PLA2 activity during mobile lipid formation. The involvement of PLA2 in mobile lipid generation in response to cytotoxic therapy was proposed in breast cancer and prostate cancer cells [20, 46] . This was followed by the demonstration of upregulation of an undetermined isoform of PLA2 in rat gliomas undergoing apoptosis in the HSV-tk model [89] .
In summary, the majority of the data involving mobile lipids has come from studies involving isolated or perfused cells. These data have shown that MR-visible lipids can be induced by a number of stressful conditions similar to those that occur in the tumor microenvironment and in the cell types found in the tumor microenvironment, including tumor cells, activated immune cells and fibroblasts. Controlling factors regulating the accumulation of mobile lipids are beginning to emerge and the next few years should see significant advances in this field. The question that we will explore in the next two sections is whether such changes in lipid profiles can be observed in animal models and human tumors in vivo.
In vivo MRS of lipids in cancer
In order to perform MRS in vivo, spectral localization techniques are needed to detect metabolites from a region of interest. The most common localization techniques for single voxel spectroscopy include STEAM [90] and PRESS [91, 92] . Multi-voxel techniques include additional phase-encoding steps to provide spatial distribution of voxels and can be used in conjunction with STEAM or PRESS to provide anatomical localization. In order to detect MR-visible metabolites, which occur in the millimolar range, water suppression techniques are often applied, since the concentration of water protons in tissue is typically ∼ 70 M. Additional lipid signals from adjacent subcutaneous fat, muscle, bone marrow or scalp need to be eliminated in order to observe the signals from the voxels of interest. These fat signals are typically suppressed by the use of frequency selective saturation pulses placed outside the region of interest [93] . While these techniques effectively suppress outer volume lipid signals in the brain, they are less effective on lipid signals in other organs due to the overwhelming fat signal from adipose tissue in the breast, liver and prostate. This makes it more difficult to assess the MR lipid profile of these tumors in vivo.
The methyl (-CH 3 ) signal from lactate co-resonates with the methylene (-CH 2 -CH 2 -CH 2 -) signals from mobile lipids at 1.3 ppm, and as such it is often difficult to separate the two moieties in vivo. In normal tissues, lactate signal is generally below detectable limits but in tumors the lactate concentration can be as high as 5-10 mM. Since mobile lipids have a much shorter relaxation time (∼ 50 ms at 1.5 T) than lactate (∼300 ms at 1.5 T), long echo time spectra are typically acquired to detect lactate while suppressing lipid signals. The lactate -CH 3 signal appears as an inverted doublet at an echo time of 136-144 ms in a spinecho sequence due to modulation of the signal by the methyl to methine J coupling. Additional spectral editing sequences are often used to make a definite assignment between lactate and lipid signals, such as two-dimensional MR spectroscopy [15, 16, 20, 68, 70, 94, 95] , homonuclear polarization transfer filters, and multiple quantum coherence (MQC) filters [96] [97] [98] .
Suppressing lactate in order to selectively observe the lipid signal at 1.3 ppm is more difficult. However diffusion weighted MRS (DW-MRS), which integrates diffusionsensitizing gradients into the MR pulse sequence to measure translational displacement of metabolites, has been employed to separate lactate from lipid components. Using DW-MRS, the apparent diffusion coefficient (ADC) of lactate was estimated to be 0.21-0.23 × 10 −9 m 2 / s in an HMESO-1 tumor xenograft mouse model [99] and 0.12 to 0.18 × 10 −9 m 2 /s in a RG2 glioma in a rat [100] . Mobile lipids in lipid droplets experience restricted diffusion, and thus a lower ADC is observed (0.046 ± 0.017 × 10 −9 m 2 /s for the 1.3 ppm resonance in a C6 rat brain glioma [34] and 0.063±0.013 × 10 −9 m 2 /s in a B4TC glioma model [50] ). This distinction has been used to suggest that contribution of lactate was negligible to the 1.3 ppm resonance in etoposide treated murine lymphoma tumors [95] .
In vivo MRS of lipids in animal tumors
Spectroscopic studies on animal tumor models or human tumor xenografts exhibit similar lipid profiles as seen in cultured cancer cells. It has been reported that lipid signals are located in hypoxic / necrotic areas of the tumor, indicating that neutral lipids accumulate in response to these stresses in vivo [36, 37] . The confirmation of the intracellular nature of these lipid droplets comes from electron microscopy [34, 51] . Further evidence of the presence of lipid droplets inside intra-cranial C6 glioma tumors comes from diffusion spectroscopic studies using pulsed field gradient MRS [34] . The root mean square displacement of the protons contributing to the lipid resonance at 1.3 ppm was 2.6 ± 0.5 μm. These investigators further reported that a numbers of lipid droplets were localized in the necrotic center of the tumors in comparison to the peripheral regions [34] . In intra-cranial rat BT4C tumors, Hakumäki et al. [53] demonstrated the presence of small necrotic foci on histological sections of solid Ehrlich carcinoma in mice as early as 9 days after tumor cell implantation. Nile red staining revealed the existence of lipid droplets in necrotic areas as well as in cells in the peripheral zone. After 12 days of tumor growth, necrotic areas were larger and lipid droplets were mainly found in these regions. The significance of the formation of intracellular lipid droplets is still poorly understood. However, recall that lipid droplets can represent a temporary storage compartment for fatty acids in the form of triglycerides, diacylglycerides or phospholipids. Under hypoxic or ischemic conditions, fatty acids may not be degraded by β-oxidation leading to lipid accumulation within the cell. As fatty acids are toxic to the cell, the cells sequester them as lipid droplets to avoid toxicity and as an alternative energy source. Fatty acid oxidation has been shown to be a dominant pathway for energy production [101] and mice with pancreatic tumors fed on high fat diets showed increased lipid droplets and upregulation of medium-chain acyl-coenzyme A dehydrogenase expression, a regulator of fatty acid β-oxidation [102] .
Changes in lipid signals in animal tumors in response to therapy
Mobile lipid resonances, especially the methyl and methylene peaks at 0.9 ppm and 1.3 ppm, are consistently observed in tumor cells and in animal tumor models indicating their potential as a diagnostic marker. However, a number of in vivo studies demonstrate increased mobile lipids in response to treatment during apoptosis and thus corroborate the in vitro studies. Initial evidence of changes in lipid signals in intracranial 9L tumors indicated a progressive increase in the lipid resonance at 1.3 ppm along with a decrease in choline and creatine resonances after fluoromethylene -2′-deoxycytidine treatment [103] . In this study, which was probably the first MR study of gene therapy in tumors, the authors reported increased MR-visible lipids after six days of intra-tumoral injection of adenoviral HSV-tk followed by ganciclovir treatment [103] . Later, using single voxel localization, Hakumäki et al. [50] reported accumulation of PUFA resonances at 2.8 and 5.3 ppm in intra-cranial BT4C glioma tumors expressing HSV-tk (see Figure 5 ). The presence of PUFA resonances correlated with regions of increased apoptosis within the tumor and this was later confirmed using magic angle spinning spectroscopy of excised tissues [104, 105] . Using ultra-short echo time chemical shift imaging, the spatial distribution of MR-visible lipids were mapped in this tumor model [106] , demonstrating a temporal increase in saturated and unsaturated resonances that peaked 8 days after treatment (see Figure 6 ). It was suggested that the PUFA resonances arise from phospholipase A2 activity leading to hydrolysis of phosphatidylethanolamine in the cell membrane [89] and that some of the increase (∼ 17%) in the terminal -CH 3 signal at 0.9 pm after induction of apoptosis could be explained by the increase in mobile cholesterol esters [107] . In line with these findings, Schmitz et al.
observed increases in the 1.3 ppm methylene mobile lipid resonance in both isolated murine EL-4 lymphoma cells and solid tumors as an early event following etoposide-induced apoptosis [95] . In contrast to previous cell studies, these authors did not observe significant changes in the CH 2 /CH 3 ratio either in vitro or in vivo. Recently, Lee et al.
[49] observed increased saturated and unsaturated lipid resonances after radiation therapy in a subcutaneous human non-Hodgkin's diffuse large B-cell lymphoma xenograft. After 3 days of a single dose of 15 Gy radiation to the tumor, a dramatic increase in the PUFA resonance at 2.8 ppm was observed, which correlated with an increase in TUNEL positive cells and in oil red O positive perinuclear lipid droplets indicating that these organelles contributed to the observed MR spectrum (see Figure 7) . These studies indicate that early increases in mobile lipid resonances after therapeutic intervention may be suggestive of apoptosis and positive treatment response. The temporal evolution of these resonances may be variable, with a decrease in lipid resonances during formation of scar tissue after cell death and lysis. It may be beneficial to include diffusion imaging experiments in conjunction with MRS experiments to accurately determine the physiological mechanisms in tumor response as reported recently [49, 106] .
Ex vivo MRS of lipids in human tumors
As mentioned earlier, mobile lipid signals from subcutaneous fat, muscle and adipose tissue overlap substantially with intra-tumoral lipids and as such most in vivo MR studies of extracranial tumors do not focus on the utility of lipid resonances in cancer diagnosis and treatment response. However, several MR studies using ex vivo biopsy samples have been reported, where extraneous lipid from other tissues do not interfere with measurement of the MR-visible lipid profile. The original study on cervical biopsy specimens demonstrated the presence of mobile lipids in 39 out of 40 invasive carcinoma specimens but not in 119 punch biopsy specimens of normal or preinvasive lesions [18] . At this time, it was proposed that MR-visible lipids were a potential marker of malignancy or malignant transformation [18, 108] . A number of subsequent studies recognized that MR-visible lipids occur at higher levels in spectra obtained from biopsies from ovary [109] , prostate [110, 111] and thyroid [112, 113] tumors relative to those obtained from benign or normal tissues. Biopsies from both colon [114, 115] and breast [116] tissue showed high levels of MR-visible lipids regardless of diagnosis, but the distinction of malignant tissues could be made based on the presence of high tCho and other resonances. In breast biopsies, mobile lipids arise from normal fat present in the breast. In the colon it was originally demonstrated [115] and then elegantly shown using chemical shift imaging that MR-visible lipids in normal colon arise from the submucosa, where numerous oil red O lipid droplets were observed resulting from lipid resorption or from macrophages [117] . This observation was also confirmed in rat colon carcinoma tissues [118] . In a series of papers on brain tumor biopsies, Kuesel et al.
demonstrated a correlation between necrosis and MR-visible lipid signal intensity, especially with regard to the unsaturated resonance at 5.3 ppm [36, 37, 119] . They also showed that the MR-visible lipid signal could vary significantly in samples with 0-5% necrosis and attributed this to metabolic heterogeneity within a biopsy sample [36] . These studies were the first to link MR-visible lipids to necrosis and give credence to the hypothesis that the mobile lipids appearing in tumor tissue may result from the ischemic conditions in the tumor microenvironment.
The introduction of biological magic angle spinning MRS has brought renewed interest in the study of biopsy tissue specimens. Magic angle spinning studies have revealed a number of resonances with potential diagnostic or biochemical significance that were not visible or could not be resolved using non-spinning techniques. However, in the majority of studies where mobile lipids are discussed directly, the general observations made above still hold, that mobile lipids are increased in biopsy specimens from malignant tissues. A number of magic angle spinning studies have reported increased MR-visible lipid spectra in cervical cancer biopsies relative to premalignant tissues [120] [121] [122] [123] . Apoptotic cell density was shown to correlate with the CH 2 / CH 3 ratio in pulse-acquire but not in spin-echo magic angle spectra of cervical carcinoma specimens [124] . Further, Zietkowski et al. utilized diffusionweighted magic angle spinning to show increased polyunsaturated lipids in cervical carcinoma biopsies [125] and increased PUFA were also observed in a subgroup of prostate cancer tumors [126] . A strong correlation between Nile red-positive droplets and the 1.3 ppm peak of MR-visible lipids was found in astrocytoma biopsies [127] . In non-necrotic regions the number of lipid droplets correlated with cell density, whereas in necrotic regions they correlated with percentage necrosis. This provides further evidence that the formation of cytoplasmic MR-visible lipid signals is stress-induced markers that precede necrosis. In cervical cancer [123] and in astrocytoma biopsies [128] a good correlation was observed between in vivo and ex vivo spectra, indicating the MR-visible lipids are not an artifact due to sample processing.
In vivo MRS of lipids in brain tumor diagnosis
As most lipids in the normal brain are contained in bilayer membranes, in vivo MRS studies of the normal brain do not exhibit mobile lipid resonances. However, in most brain tumors, increased mobile lipid resonances are commonly observed when the spectra are acquired with echo times shorter than 50 ms. Similar to the observations in cancer cells and animal tumor models, brain tumor spectra typically exhibit increased lipid resonances at 0.9 and 1.3 ppm, however the unsaturated resonances at 2.8 and 5.3 ppm are often below detectable limits. Mobile lipid resonances are generally observed in contrast enhancing regions as well as necrotic areas of the tumor. In general, brain tumors are highly heterogeneous and include areas of viable tumor, necrosis and hemorrhage. Tumor malignancy or grading is often used for prognosis and therapeutic management and the presence of necrosis on histological sections indicates malignancy based on the WHO classification of tumors. In an early publication, Poptani et al. reported that solid high-grade gliomas exhibited higher Cho/Cr ratio and increased mobile lipids in comparison to low-grade gliomas [129] . These authors later demonstrated that elevated lipid resonances were a characteristic of high grade gliomas even in cystic neoplasms, where the Cho/Cr or Cho/NAA ratio failed to predict the degree of malignancy of the tumor [130] . Several research groups have replicated these early in vivo findings over the years [131] [132] [133] [134] [135] indicating the important role of MR-visible lipids in brain tumor diagnosis. An additional important clinical question in space-occupying lesions of the brain is the accurate differential diagnosis of gliomas from lymphomas and brain metastases. These issues are dealt with in the sections below.
Differential Diagnosis of Brain Metastases and Identification of Their Primary Site
Glioblastomas originate from glial cells and infiltrate into normal brain tissue whereas metastases are generally encapsulated and disseminate from the primary neoplasms and invade into the brain by the hematogenous route. Because of their different cellular origins, it has been hypothesized that glioblastomas and metastases might have different metabolism that may be distinguished through their lipid profile. Opstad et al. [136] observed a significantly higher lipid peak area ratio (1.3 / 0.9 ppm) in metastases compared to glioblastomas from the solid portion of the neoplasms demonstrating the utility of 1 H MRS in distinguishing glioblastomas from metastases. Recently we have shown that MR spectra from peritumoral regions of gliomas show increased lipid resonances in comparison to the peritumoral regions in metastases indicating the invasive nature of gliomas [137] . In addition to the differential diagnosis of brain metastases, identification of the primary cancer site is also crucial as prognosis and survival of these patients depends on the location of the primary cancer. It has been reported that lipids play an important role in characterization of primary cancers in patients with brain metastases. Using principle component analysis of the lipid profile, Sjobakk et al. [138] observed that brain metastases from primary lung and breast cancer were separated into two clusters based upon the lipid resonances at 0.9 and 1.3 ppm, while metastases from malignant melanomas showed no uniformity. In another study, it was observed that metastases from colorectal carcinoma were dominated by strong lipid signals and showed higher scores of principle component 1 (characterized by lipid signals at 0.91, 1.30, 1.59, 2.03 and 2.26 ppm) compared to metastases of other origins. Higher mobile lipid levels in colorectal carcinoma metastases were attributed to relatively greater presence of coagulation necrosis [139] .
Differential Diagnosis of Lymphomas
Primary cerebral lymphomas (PCLs) are primarily B cell non-Hodgkin's lymphomas that are hypercellular in nature and comprised of lymphoid cells and macrophages [140] . These tumors are highly homogenous in nature and exhibit strong contrast enhancement on MRI. Unlike gliomas, PCLs do not generally exhibit areas of necrosis, however, a characteristic metabolite pattern including the presence of highly elevated lipid levels from the solid and enhancing portion of the neoplasms is diagnostic of PCLs especially in immunocompetent patients [141] [142] [143] . High lipid levels in these tumors (in the absence of necrosis) may be due to the presence of activated or transformed lymphocytes or macrophages, since these cell types can contain high levels of MR-visible lipids [24, 25] . It has also been reported that 1 H MRS from the contrast enhancing regions can differentiate PCLs from high-grade gliomas as PCLs demonstrate higher Cho and lipid levels [141] . Like high-grade gliomas, an abnormal metabolite pattern has also been observed from regions outside the contrast enhancement in PCLs suggesting the presence of infiltrative active lymphocytes and macrophages in the peritumoral regions [137, 144] (see Figure 8) . It is to be noted though that unlike glioblastomas, PCLs are angiocentric neoplams, and form perivascular cuffs of tumor cells and infiltrate brain parenchyma either as individual diffusely infiltrating cells or as compact aggregates of tightly packed cells [140] .
MR visible lipids in response to radiation therapy
While the role of MR-visible lipids in diagnosis and grading of tumors is being recognized in clinical studies of brain neoplasms, its role in monitoring treatment response has not been extensively studied despite several promising results in animal tumor models that show an increase in mobile lipids after therapy [49, 95, 106] . This may be due to the presence of spontaneous necrosis in gliomas and metastatic tumors, which also exhibit increased lipids. Nevertheless, a progressive increase in lipid resonances at 0.9 and 1.3 ppm was reported in a brain tumor patient up to 5 months after radiation therapy [145] . While the increased lipid resonances were hypothesized to be due to activated macrophages, it may also have been due to radiation-induced necrosis. Multivoxel MRS and image guided biopsy of malignant gliomas following chemo-radiotherapy was able to distinguish pure tumor tissue from necrosis on the basis of high tCho/Cr and low lipid+lactate/tCho [146] . A decrease in tCho, disappearance of lactate and an increase in mobile lipids was observed in patients with brain metastases for up to 1 month after treatment with stereotactic gamma knife surgery [147] . The inclusion of advanced MRI techniques such as perfusion weighted imaging [148, 149] and diffusion weighted imaging [150] may further assist in the differentiation of tumor recurrence from radiation necrosis. A multiparametric approach that includes MRI and MRS may prove to be more accurate in differentiating these two entities.
Summary and Conclusions
Mobile lipids or MR-visible lipids are triglycerides and cholesterol esters that accumulate in lipid droplets and have been observed in tumor cells, animal tumor models and in human tumors. They often arise in response to harsh or unfavorable conditions in culture or in situ but can also occur in response to anticancer drug treatment as an early marker in the process of apoptosis. Mobile lipids can be stress induced and in these cases, primarily arise from intracellular lipid droplets, but may also occur from lipid droplets that have leaked out from damaged cells in necrotic areas. However, the presence of tumoral MR-visible lipids may not only be due to tumor cells. Contributions from accessory cells such as immune cells and fibroblasts are also possible and there is still no effective way to distinguish this in vivo. A number of issues remain in delineating tumor mobile lipid signals from those that are constitutively present in normal tissues such as subcutaneous fat, and this makes it difficult to define specificity of mobile lipid resonances in vivo. However, studies in tumor models are beginning to determine the regulatory factors controlling mobile lipid production, and this comes at a time where the lipid droplet is increasingly being recognized as an important functional organelle and not simply an inert bag of cytoplasmic fat. In conjunction with improvements in imaging technology that allow increased signal to noise and spectral resolution at higher fields, we expect the discovery of many aspects of MR-visible lipid biology to occur over the next few years. It is hoped that this will provide critical information in the understanding of tumor progression and development and further prove to be clinically useful in diagnosis and staging of human tumors. MR-visible lipid spectra can be modulated by external serum levels. On the left, 1 H MR 1D spectra obtained from neutrophils incubated in Hanks' balanced salt solution (control), AB serum containing low levels of fatty acids, lipopolysaccharide (LPS), and CSL serum containing high levels of fatty acids. The levels of lipid accumulation are higher in the CSL serum than in cells stimulated with LPS. The arrows indicate the lipid methylene peak at 1.3 ppm, the methyl peak at 0.9 ppm, and the taurine/choline peak at 3.2 ppm. The internal standard, p-aminobenzoic acid produces two doublets, one at 6.83 and the other at 7.83 ppm. On the right hand side, the level of mobile lipids in human mixed peripheral blood lymphocyte cultures is directly dependent on the amount of human serum in the culture medium. Note in both sets of spectra the presence of resonances at 3.2 and 3.4 ppm indicating high levels of taurine as well as choline. Taurine is present in the cytoplasm of immune cells at high concentrations where it acts as an osmolyte and radioprotectant. MR images of a rat brain containing an HSV-tk positive BT4C glioma undergoing ganciclovir treatment. The top row shows T 2 -weighted coronal plane images with the region of interest for the CSI studies (box). The spatial change in tCho, mobile lipids (0.9 and 1.3 ppm) and PUFA (5.3 ppm) after treatment is shown by the CSI maps. An increase in mobile lipid concentration was observed for 8 days followed by reduction to baseline levels. This correlated with a decrease in tCho levels. Reprinted with permission from [89] . Reprinted with permission from [137] . Murine splenic and thymic T cells [22, 23, 79, 80] Human peripheral blood lymphocytes [81] Concanavalin A Murine splenic T cells [22, 26, 78] Anti-CD3 antibodies Murine splenic and thymic T cells D-609 [80] Human peripheral blood lymphocytes [80, 81] Lipopolysaccharide Murine splenic B cells, Human neutrophils [21, 26, 158, 159] Interferon-γ Mouse peritoneal macrophages [24, 25] Other Listeria monocytogenes
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